Proton exchange membrane fuel cells ͑PEMFCs͒ are attractive for automotive applications because of their low operating temperature ͑Ϸ80°C vs Ͼ600°C in solid oxide fuel cells͒, 1 which enables fast start-up, and because of their high power densities ͑0.9 W/cm MEA 2 at Ϸ0.60 V cell voltage͒, 2 which meet automotive packaging requirements. The electricity generating key component of a PEMFC is the membrane electrode assembly ͑MEA͒, composed of a proton conducting membrane ͑e.g., Nafion͒ sandwiched between two electrodes. Unfortunately, both the hydrogen oxidation reaction ͑HOR͒, which takes place at the anode electrode, and the oxygen reduction reaction ͑ORR͒ at the cathode currently require Pt catalysts supported on high surface area carbon ͑Pt/C͒. Whereas the anode Pt loading can be reduced to 0.05 mg Pt /cm 2 on account of the fast HOR kinetics when pure H 2 fuel is used, 3, 4 as a result of slow ORR kinetics up to 10-fold higher Pt loadings are required on the cathode ͑0.3-0.5 mg Pt /cm 2 ͒ to meet the necessary high power density at high cell voltages ͑i.e., high efficiency͒. Considering the limited world supply of Pt 5 and its high cost, commercially viable largescale automotive applications require Pt specific power densities of Ͻ0.2 g Pt /kW, which could be met by reducing MEA Pt loadings to 0.15 mg Pt /cm MEA 2 while maintaining MEA power density. 2 To meet this goal, cathode Pt loadings would have to be reduced to Ϸ0.1 mg Pt /cm 2 without loss of performance, requiring either at least fourfold higher mass activity of Pt-based catalysts or highly active nonprecious metal catalysts.
However, as reviewed by Garsuch et al., 6 PEMFC performance with nonprecious metal ORR catalysts, mostly based on nitrogencoordinated Fe or Co bonded to a graphene-like matrix, has remained 150-200 mV below that achieved with Pt/C catalysts, far too low for any practical applications. Although very recent progress on Fe-based catalysts shows that this voltage gap can be closed, 7 giving renewed hope for the viability of nonprecious metal ORR catalysts, essentially all current industrial PEMFC research and development and prototyping as well as the majority of academic studies are focused on precious-metal-based ORR catalysts, predominantly binary and ternary alloys of Pt with 3d-transition metals.
Before discussing the enhanced ORR activity of Pt alloys, it is helpful to define the commonly used measures of activity. The ORR activity of Pt-based catalysts is generally quantified by measuring the current at 0.9 V vs the reversible hydrogen electrode ͑RHE͒ and dividing this current either by Pt mass to obtain the so-called mass activity ͑i m͑0.9 V͒ in units of A/mg Pt ͒ or by the electrochemically active Pt surface area to obtain the so-called specific activity ͑i s͑0.9 V͒ in units of A/cm Pt 2 ͒. While mass activity is the relevant figure-of-merit for practical applications, as it dictates the required Pt loading in a fuel cell, the specific activity is a more fundamental measure of the intrinsic activity of a Pt-based catalyst, analogous to the measure of turnover frequency used in heterogeneous catalysis. Mass activity and specific activity are related via the Pt specific surface area ͑A Pt ͒ i m͑0.9 V͒ ͑A/mg Pt ͒ = i s͑0.9 V͒ ͑A/cm Pt 2 ͒ ϫ A Pt ͑m Pt 2 /g Pt ͒ ϫ 10 −5
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Pt transition-metal alloy catalysts for ORR were first developed for phosphoric acid fuel cells ͑PAFCs͒. With few exceptions, 8 twoto threefold gains in mass and specific activity over Pt/C were reported, [9] [10] [11] which was attributed to the transition-metal-induced variation of the Pt-Pt bond length. 9 Later on, similar activity enhancements of Pt-alloys/C over Pt/C were also observed in PEMFCs. [11] [12] [13] Initially, the most active ORR catalysts in PEMFCs were carbon-supported alloys of Pt with either Fe, Mn, or Cr, yielding two-to threefold higher specific activities compared to Pt/C. 11 More recent PEMFC studies showed similar Ϸthreefold specific activity gains also for Pt-Co/C catalysts, 2,14-16 but mass activity gains remained within a factor of Ϸ2, because the Pt specific surface area of Pt-alloy/C catalysts is typically lower than that of Pt/C due to the high annealing temperatures commonly used in Pt-alloy/C synthesis. 11, 12, 17 While the validation of Pt-alloy catalysts in PEMFCs is important, it requires time-consuming MEA optimization with each catalyst to eliminate artifacts from undefined mass-transport resistances in nonoptimized electrodes. Therefore, most fundamental ORR catalyst studies employ the rotating disk electrode ͑RDE͒ method using 0.1 M HClO 4 electrolyte, which yields essentially identical catalyst activities as are measured in a PEMFC. 2, 18 One example is the development of core/shell electrocatalysts consisting of Pt monolayers supported on non-Pt cores 19 and showing significant specific activity gains, presumably due to lattice-strain-induced Pt d-band center shifts which affect the bond strength of adsorbed oxygen intermediates. 20, 21 The probably more important advantages of this concept, however, are the high Pt mass activities which simply result from the high specific Pt surface area ͑see Eq. 1͒. 20 In a fundamental RDE study on Pt alloys, ORR activities of well-characterized polycrystalline Pt 3 M bulk alloys ͑M = Ti, V, Fe, Co, Ni͒ were measured to unambiguously determine the most active alloying element. Pt 3 Co has the highest specific activity, 22 further enhanced by a high temperature annealing step which produces a Pt monolayer surface with an Ϸthreefold specific activity enhancement over pure Pt. The volcano-type activity variation of Pt alloys was correlated again with surface Pt d-band center shifts relative to the Fermi level, which was attributed to changes in the Pt-Pt bond distance and the ligand effect associated with alloying with transition metals. That the high temperature annealing of industrially more relevant carbonsupported Pt-Co alloys also leads to increased specific activity and Pt skin formation was demonstrated in a recent RDE and high resolution transmission electron microscope ͑HRTEM͒ study, 23 underlining the excellent correlation of fundamental model electrode studies with those conducted on high surface area catalysts. In summary, whether measured by RDE [23] [24] [25] or in PEMFCs, 2, 14 carbon-supported Pt-Co catalysts typically have three-to fourfold higher specific activity and Ϸtwofold higher mass activity than Pt/C.
As discovered recently, ORR activities superior to those of conventional Pt alloys are obtained when carbon-supported Pt alloys with high transition-metal content ͑ജ50 atom %͒ [26] [27] [28] are electrochemically dealloyed: Using fast voltammetric cycles up to 1.2 V vs RHE, the majority of the transition metal is dissolved into the electrolyte, presumably producing multimonolayer thick Pt-shell structures on alloy cores with reduced transition-metal content. 29, 30 Compared to Pt/C, both RDE 26, 27 and PEMFC 28, 29 data show Ϸfourfold higher mass activities and Ϸfivefold higher specific activities for optimized dealloyed catalysts, levels of activity never reached by conventional Pt-alloy catalysts. Mechanistically, these high activities presumably derive from the lattice-strain-induced Pt d-band center shifts 21, 26 as the ligand effect from the transition metal in the core would be reduced considerably by the Pt-rich shell once its thickness is beyond four Pt monolayers. 31 Whereas even higher ORR activities were reported for the Pt 3 Ni͑111͒ single crystal face, 32 which conceptually could lead to highly active catalysts in the future, 33 electrochemically dealloyed Pt alloys so far are the most active ORR catalysts tested in actual PEMFCs.
While the ORR activity enhancement of conventional Pt alloys and electrochemically dealloyed Pt alloys is well established, a critical issue for their application in the next generation of PEMFCs is whether their durability is sufficient over the required fuel cell life both at steady-state and under voltage-cycling ͑i.e., load cycling͒ conditions. In the following, we briefly review the solubility of Pt and of transition-metals in Pt alloys in acid under potentiostatic conditions, and then discuss the accelerated degradation mechanisms under voltage-cycling conditions.
Measurements on the solubility of Pt as a function of electrode potential at 25-80°C showed that both polycrystalline and singlecrystalline bulk Pt [34] [35] [36] [37] [38] and carbon-supported Pt nanoparticles 34, 39 have a small but finite solubility. In general, Pt solubility increases with potential until Ϸ1.1 V vs RHE, then decreases again at higher potentials 34, 35 due to the formation of a less soluble and protective oxide layer, which reduces the apparent solubility of the underlying Pt metal by lowering its dissolution rate. 37 Detailed analytical measurements on the formation of Pt 2+ and Pt 4+ species vs pH, temperature, and oxygen partial pressure suggest that ͓Pt͑OH͒ 3 ͔ + is the soluble ion, consistent with rotating ring disk electrode ͑RRDE͒ measurements. 40 Under long-term fuel cell operation, dissolved Pt ions can either redeposit onto larger Pt nanoparticles ͑Ostwald ripening͒ 34, 39 or diffuse toward the cathode/membrane interface and react with hydrogen permeating through the membrane from the anode side, forming large Pt crystallites in the ionomer phase. 34, 39, 41, 42 This leads to the observed "Pt band" in the membrane, the location of which depends on the H 2 to O 2 partial pressure ratio. 43, 44 The analogous processes were observed previously in PAFCs. 45, 46 In contrast to Pt, transition metals exposed on the surface of Pt alloys easily dissolve in dilute acidic electrolytes. This was demonstrated directly via low energy ion scattering on polycrystalline PtCo, Pt-Fe, and Pt-Ni bulk alloy surfaces before and after exposure to 0.1 M HClO 4 . 47 For Pt-Co/C nanoparticles, the same instability of Co at the particle surface was deduced from the decreasing Co loss during acid leaching with increasing Pt-Co diameter while the X-ray diffraction ͑XRD͒ lattice parameter remained essentially unperturbed, interpreted by the formation of a Pt-rich shell or skeleton. 15, [48] [49] [50] Surface transition-metal loss from combinatorial libraries of nanocrystalline Pt 1−x Fe x and Pt 1−x Ni x alloys ͑x = 0-1͒ after either acid or fuel cell operation was also found by X-ray photoelectron spectroscopy analysis, demonstrating the equivalence of ex situ acid leaching and in situ catalyst aging in a PEMFC. 51 This and another study including Pt 1−x Co x and Pt 1−x Mn x alloys ͑x = 0-1͒ showed that the loss of transition metal is constrained to the top surface layers if its bulk concentration is Ͻ60 atom %, but proceeds into the bulk of the nanoparticles at higher transition-metal concentrations. [51] [52] [53] Such percolated nanoparticles in acid-leached Pt-Co/C with initially Ϸ50 atom % Co were recently imaged by HRTEM, 23 and similar morphologies might be expected for electrochemically dealloyed Pt alloys, as their initial transition-metal concentration ranges from 50 to 80 atom %. Because transition-metal ions reduce PEMFC performance, 2 largely due to an effective proton concentration gradient across the MEA, 54 Pt alloys are often pretreated by acid leaching to remove easily soluble transition-metal ions. 2, 55 Throughout the PEMFC life, transition-metal leaching from Ptalloy/C would be expected to continue if its diffusivity in the alloy core is sufficiently high and Pt dissolution leads to further transitionmetal exposure to the electrolyte. While the rate of Pt surface area loss is slow under potentiostatic conditions, 39, 56, 57 it was long shown 58 that voltage cycling of the cathode, produced by fuel cell load cycling, 56 strongly accelerates Pt dissolution in two ways: ͑i͒ during the positive-going ͑anodic͒ potential sweep, the above discussed protective function of slowly forming Pt oxide surface layers is less effective when the potential is rapidly increased from a value where Pt is in its metallic state ͑below Ϸ0. 40, 59 Voltage-cycling studies in PEMFCs may be done with either H 2 /N 2 ͑counter/working electrode͒ or H 2 /air feeds, but the observed Pt area loss is essentially identical 61 and, for convenience, most experiments are conducted with H 2 /N 2 . Based on the above mechanism, it is not surprising that Pt dissolution from voltage cycling is enhanced with increasing upper and decreasing lower potential limits 57, 61, 62 and that the cyclic voltage profile ͑symmetric vs asymmetric; square vs triangular͒ can further accelerate Pt dissolution. 61, 63, 64 Pt losses from voltage cycling are less at low relative humidity ͑RH͒, 56,61 maybe due to the shift of Pt oxide formation toward higher potentials. 65 Whatever the precise conditions may be, Pt dissolution is always greater under voltage cycling compared to potentiostatic operation; consequently, consistent with the dual Pt loss mechanism, viz., Ostwald ripening and precipitation into the ionomer phase, 34, 39 large Pt crystallites are always observed in the membrane after extensive voltage cycling. 14, 15, 34, 39, 44, 62 While voltage cycling significantly decreases the electrochemically active Pt surface area, the overall mass activity loss is lower than what would be expected from Eq. 1, due to the fact that the specific activity of Pt in voltage-cycled electrodes increases. 14, 15, 28, 64, 65 This is related to the Pt nanoparticle growth and the associated higher specific activity of larger Pt particles ͑so-called Pt particle size effect͒. 2, 11, 66 Finally, because the lower surface energy of large Pt nanoparticles reduces their solubility, 34, 60 Pt surface area losses in PEMFCs are reduced for high temperature annealed Pt/C catalysts where larger Pt nanoparticles formed are less soluble. 34, 67, 68 The increased specific activity and voltage-cycling stability of large Pt nanoparticles is clearly the origin of the observed high activity and stability of Ϸ10 monolayer thick Pt films supported on large nanostructured supports, 69 which are one of the strategies toward highly durable electrodes.
Pt surface area loss of Pt-alloy/C during voltage cycling 14, 15, 49, 56, 65, 67, 70 is significantly reduced compared to Pt/C. Considering the instability of the transition-metal alloy constituent on Pt-alloy surfaces, this enhanced voltage-cycling durability was unexpected, but later found to be related to the high temperature annealing process which is generally used during Pt-alloy synthesis, 67 resulting in larger, more durable particles in analogy to the behavior of high temperature annealed Pt/C catalysts. 34, 56 Despite the higher stability, Pt dissolution takes place, which in turn exposes the underlying transition metal to the electrolyte into which it dissolves. 70 Under the premise of continuous transition-metal dissolution during fuel cell operation, one might expect that the specific activities of Pt alloys decrease over time. For Pt-Co/C, this is indeed observed in potentiostatic tests in a PEMFC after 1000 h 56 and in H 3 PO 4 at 210°C after 50 h 48 as well as in several voltage-cycling studies. 15, 65 Even though there are reports of essentially constant specific activities with voltage cycling, 14, 49 it may simply suggest that the test was not sufficiently long or severe. Voltage-cycling durability data on electrochemically dealloyed Pt alloys over 30,000 cycles also show increasing specific activity in some cases; more interestingly, however, the specific activity of Pt/C reference samples increases three-to fourfold, so that the specific activity gain of the Pt alloys over pure Pt decreases from initially three-to fivefold to only Ϸtwofold at the end of the test. 28 These extensively voltage-cycled dealloyed Pt-alloy catalysts reach nearly the same Pt specific surface area of Ϸ20 m 2 /g Pt ͑corresponding to Ϸ10 nm particles͒ and their final specific activity ͑1000-1700 A/cm Pt 2 ͒ lies in the range reported for Pt films on nanostructured supports 69 and extended polycrystalline Pt surfaces. 2, 66 While transition-metal dissolution during catalyst aging is a concern, all of the durability data still show that aged Pt-alloy catalysts do maintain an Ϸtwofold mass activity gain over aged Pt catalysts, 14, 15, 28, 49, 56, 65 suggesting that they still constitute a viable pathway toward more durable PEMFCs.
Even though much is known about the general processes which lead to the degradation of Pt-Co/alloys during voltage cycling, our understanding on a microscopic level is still very poor. For example, based on an analysis of the Co composition of acid-leached Pt-Co/C catalysts, showing a decreasing Co content with decreasing particle size, 23 one might expect to observe an even more pronounced dependency of Co composition on particle size in a voltage-cycled MEA. Furthermore, while it is expected that Pt dissolution of Pt-Co/C catalysts produced by voltage cycling results in essentially pure Pt particles in the membrane, it is still unclear whether nanoparticles in the electrode transform into pure Pt or into Pt-Co nanoparticles with a Pt-rich shell. Finally, while the extent of Pt loss into the ionomer phase was shown to account for Ϸ50% of the Pt surface area loss for voltage-cycled Pt/C, 34, 39 it is unclear whether a similar relationship may hold for Pt-Co/C catalysts. Therefore, we present a detailed study on particle structure and composition of a Pt-Co/C catalyst before and after voltage-cycling tests, using XRD, transmission electron microscopy ͑TEM͒, scanning transmission electron microscopy ͑STEM͒, and X-ray energy dispersive spectroscopy ͑EDS͒ attached to an STEM/TEM to quantify the Co composition of individual Pt-Co/C nanoparticles and of various sections of the cathode. We then combine the electrochemical results, such as surface area and specific activity, with the information from STEM and detail the Pt-Co/C degradation mechanism in the MEAs.
Experimental
Catalysts and MEA preparation.-The high surface area, acidtreated ͑AT͒ "Pt 3 Co " /C ͑referred to as AT-"Pt 3 Co"͒ cathode catalyst for the following voltage-cycling studies is an acid-leached ͑pH 1 at elevated temperature͒ PtCo/C catalyst precursor with an approximate Pt/Co atomic ratio close to 1/1 and a Pt content of 46 wt % ͓Tanaka Kikinzoku Kogyo ͑TKK͔͒. An inductively coupled plasma ͑ICP͒ analysis showed that AT-"Pt 3 Co" had a Co concentration of Ϸ25 atom %. The anode catalyst is pure Pt supported on high surface area carbon ͑46 wt % Pt/C from TKK͒.
Catalyst-coated membranes ͑CCMs͒ were prepared by a decaltransfer method using a 50 m Nafion 112 membrane ͓1100 equivalent weight ͑EW͔͒ with cathode ͑AT-"Pt 3 Co"͒ and anode ͑46 wt % Pt/C͒ Pt loadings of 0.25 and 0.50 mg Pt /cm 2 , respectively. A 1100 EW solubilized ionomer was used for the electrodes at an ionomer/ carbon weight ratio ͑I/C ratio͒ of 1.2/1. Briefly, CCMs were prepared by ballmilling a catalyst and ionomer solution in a planetary mill and coating the resulting inks onto a poly͑tetrafluoroethylene͒ decal film using a bar coater. After drying, the electrodes were decal-transferred onto the membrane by hot-pressing at 130°C for 30 min under the pressure of 20 kg/cm 2 . Gas diffusion media were prepared from non-wet-proofed carbon fiber paper ͑Toray TGP-H-120͒, which was coated with a 10 m thick microporous layer ͑MPL͒ composed of carbon black and a perfluorinated wet-proofing polymer ͑weight ratio of 40/60͒. MEAs are based on a CCM sandwiched between two gas diffusion media.
Electrochemical characterization and testing.-The aboveprepared CCMs were tested for their initial H 2 /O 2 performance, voltage-cycling stability, and final performance as well as for their electrochemically active Pt surface area. XRD, HRTEM/STEM, and EDS analyses of the cathode were conducted on three types of MEAs: ͑i͒ an as-prepared pristine membrane electrode assembly ͑P-MEA͒, ͑ii͒ an MEA after an initial H 2 /O 2 fuel cell performance test ͑1T-MEA͒, and ͑iii͒ an MEA after 24 h of extensive electrochemical cycling ͑24h-C-MEA͒ with H 2 /N 2 ͑anode/cathode͒ gas feeds.
Twenty-five cm 2 single cells consisting of carbon blocks with single serpentine gas channels were assembled using compression springs set at 25 kg/cm 2 . The H 2 /O 2 cell performance was measured at 80°C using ambient pressure reactant feeds of fully humidified H 2 and dry O 2 both at 1000 sccm flows. The catalytic activity of the AT-"Pt 3 Co" cathode catalyst was evaluated at an ohmic-resistancecorrected ͑via current interrupt͒ potential of 0.9 V vs RHE at 80°C; it is expressed either in terms of Pt mass activity or specific activity. Voltage cycling was carried out at 80°C using fully humidified H 2 ͑50 sccm͒ on the anode ͑counter/reference electrode͒ and N 2 ͑200 sccm͒ on the cathode ͑working electrode͒ at ambient pressure. The potential was swept at 100 mV/s between 650 and 1050 mV vs RHE for 24 h.
The electrochemical Pt surface area of pristine and voltagecycled MEAs was determined from the H-desorption charge between 0.08 and 0.35 V vs RHE at 80°C and ambient pressure using fully humidified H 2 at the anode ͑50 sccm͒ and dry N 2 at the cathode ͑20 sccm͒. The sweep rate was 10 mV/s, and 210 C/cm Pt 2 was assumed in the quantification of the Pt surface area.
Sample preparation for STEM/TEM.-Araldite 502 epoxy ͑Electron Microscopy Sciences͒, which was shown to produce reliable results in previous microtoming of MEAs, 72 was used as the embedding matrix. Twenty-two mL Araldite 502, 20 mL dodecenyl succinic anhydride ͑hardener͒, and 0.7 mL DMP-30 ͓main composition: tris-2,4,6-͑dimethylaminomethyl phenol͒ ͑accelerator͔͒ were stirred manually at room temperature until a uniform mixture was obtained. The mixture was infused into a rubber mold where thin MEA strips ͑typically 2 ϫ 5 mm͒ were placed within. The mold with MEA and epoxy was then transferred to a furnace and baked at 60°C for at least 12 h in air. After the epoxy was cured and naturally cooled down to room temperature, the epoxy-embedded MEA was removed from the mold and mounted onto an MT-X Ultramicrotome ͑RMC Products͒. Cross-sectional MEA slices about Ϸ50 nm thick were cut at room temperature with an attached diamond knife. The samples were carefully placed onto Cu TEM grids with lacey carbon support for STEM/TEM observations. SEM analysis.-JEOL 5910 SEM was used to measure the width of the cathode in the 1T-MEA and the 24h-C-MEA. The cross-sectional samples for scanning electron microscopy ͑SEM͒ analysis were prepared by holding thin MEA slabs ͑ca. 10 ϫ 5 mm͒ immersed in liquid nitrogen and breaking them apart mechanically. The MEAs appear very brittle at liquid nitrogen temperature, thus the plastic deformation of the MEA during breakdown can be neglected. The MEAs were then fixed onto a scanning electron microscope holder with carbon tape so that the cross section could be observed. A backscattering electron ͑BSE͒ imaging mode was applied. The intensity of the BSE image increases with atomic number, so the cathode containing heavy metal ͑Pt x Co͒ nanoparticles can be distinguished from the relatively light Nafion membrane and MPL ͑only carbon and perfluorinated hydrocarbon-based polymers͒ attached to its top and bottom surface, respectively. The images were acquired at a 10 kV accelerating voltage. During SEM imaging, the holder was tilted until the viewing direction was perpendicular to the cross section.
STEM/TEM.-AT-"Pt 3 Co" powders and cross-sectional MEAs were examined with a JEOL 2010F high resolution STEM/TEM. Operated at 200 kV, the optimized point-to-point resolution of the JEOL 2010f TEM is 0.19 nm in TEM mode. In STEM mode, the spatial resolution of the high angle annular dark-field ͑HAADF͒ images is approximately the diameter of the electron beam ͑roughly 0.5 nm͒. Particle diameters were obtained from bright-field TEM images. The particle size distributions ͑PSDs͒ were used to calculate both the number-averaged diameter, d n , and the volume-surfacearea-averaged diameter, d v/a , using the following equations in which d i is the diameter of individual particles
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The JEOL 2010F TEM is equipped with an EDS system for compositional studies in both TEM and STEM modes. EDS spectra were collected with the INCA software ͑Version 4.08, Oxford Instruments͒. The Pt and Co compositions were determined from the intensity ratio of the Pt L-lines and the Co K-lines corrected by the sensitivity factors provided by the software; the reported compositional errors of individual spectra were automatically generated by the INCA software.
In the TEM mode, the electron beam was defocused over a wide area of interest to obtain the average composition of powder samples or larger sections of the electrodes. Typically, the acquisition time for each spectrum was 300 s. For the EDS analysis of catalyst powder, initially about 0.4 mg of the AT-"Pt 3 Co" catalyst was mixed with 1 mL ethanol and dispersed for 3 min using a conventional ultrasonic bath. The average Co composition determined from nine different areas was 19.3 atom %, close to what we had expected, but the standard deviation in relative changes of Ϯ25% was excessive. When we dispersed the catalyst powder for 3 min using an immersed ultrasonic horn ͑VC50 by Sonics & Materials, Danbury, CT͒ which provides more intense mixing but requires a larger solution volume ͑i.e., 4 mg of AT-"Pt 3 Co" catalyst in 10 mL ethanol͒, the average Co concentration of 20.1 atom % was essentially the same as above, but the standard deviation in relative changes decreased to Ϯ3.5% ͑i.e., Ϯ0.7 atom % Co in absolute values͒. This illustrates the importance of assuring that highly homogeneous dispersions are obtained before analysis. This is best done by using larger catalyst dispersion volumes for which more intense ultrasonic horns can be used and for which the catalyst dispersion volume can be better matched with the sample flask volume to minimize catalyst losses by adherence to its walls. In addition, the Co concentration of AT-"Pt 3 Co" powder determined from the TEM EDS analysis in this study is slightly lower than that obtained from ICP analysis of similarly prepared AT-"Pt 3 Co" powder ͑Ϸ25 atom %͒. Such a difference may result from ͑i͒ systematic underestimation of Co atomic concentration in the TEM EDS analysis as the sensitivity factors of Pt L-lines and Co K-lines used in this study were obtained from the INCA software given by the EDS manufacturer but were not calibrated, and ͑ii͒ compositional variations in similarly prepared AT-"Pt 3 Co" powder samples used for ICP and TEM EDS analyses. This experimental uncertainty will not influence the current EDS analysis of relative changes in the Co atomic concentration of Pt-Co catalysts between the catalyst powder and the cathode electrodes from pristine and aged MEAs.
The STEM mode was applied when EDS spectra were collected from individual particles. The electron-beam diameter was set to 0.5 nm in this mode. The acquisition time of each spectrum was at least 60 s. The drift correction function of the INCA software was turned on during EDS spectra acquisitions, whereby an STEM image is taken every 10 s, compared with the previous image, and the electron beam is shifted back to the original position. Typically less than 1 nm drift within 10 s was reported by INCA. Assuming that the drift correction is sufficiently precise, the maximum area that was actually probed by a 0.5 nm diameter electron beam can be estimated as a circle with the radius equal to the sum of the electronbeam radius ͑0.25 nm͒ and the maximum drift within 10 s ͑i.e., 1 nm͒. Consequently, the resolution of these EDS measurements corresponds to a spot of Ϸ2.5 nm diameter.
XRD.-The XRD data of AT-"Pt 3 Co" catalyst powder were collected on a Rigaku powder diffractometer ͑data acquired from 10 to 80°of 2 at a scan rate of 0.38°/min͒, while the XRD analysis of the cathodes of the MEAs was performed with a PANalytical X'Pert Pro multipurpose diffractometer with copper source ͑Cu K␣͒ using a 0.09°collimator, 1/32 divergent slit, 10 mm width limiting mask, and 0.04 rad soller slit. In the latter case, a 5°angle of incidence was employed to avoid interference from the Pt/C catalyst of the anode electrode ͑the estimated X-ray penetration depth was Ϸ6 m, which is similar to the cathode thickness͒. A continuous scan rate of 0.5°/min from 20 to 90°of 2 was used for all MEA samples.
Results and Discussion
Electrochemical data: Effect of voltage cycling on cathode activity and surface area.- Figure 1a shows the cell voltage, E cell , vs current density for operation with fully humidified H 2 and dry O 2 at 80°C for both the fresh 1T-MEA ͑circles͒ and the potential-cyclingaged 24h-C MEA ͑triangles͒. Clearly, voltage cycling not only decreases the MEA performance in the kinetic region at low current densities, but also leads to very large losses at high current densities. Even though the ohmic resistance of the cell increases slightly from 0.083 to 0.089 ⍀ cm 2 , possibly due to the effect of proton replacement in the ionomer by dissolved Co ions, only about 6% of all the protons in the ionomer phase of the MEA ͑i.e., in the electrodes and in the membrane͒ would be exchanged by Co 2+ if all Co dissolved from the catalyst, which is too low a fraction to account for the large performance losses, 54 particularly because the losses remain large even when comparing ohmically corrected cell voltages, E iR-free ͑where iR-free means internal resistance-free; see inset of Fig. 1a͒ . Other factors which might produce these large voltage losses at high current density are the effects of ionomer degradation 73 or carbonsupport corrosion, 74 which generally manifests itself in cathode thinning and a concomitant loss of electrode void volume. 74 As shown later, SEM analysis indeed showed significant cathode thinning when comparing 1T-MEA and 24h-C-MEA, rationalizing the observed performance loss at high current densities.
The voltage losses in the kinetic region can be clearly discerned in the ohmic-resistance-free Tafel plot in the inset of Fig. 1a , which ͒, and the mass activity of the fresh 1T-MEA obtained from this plot is 0.092 A/mg Pt , which is Ϸ1.5 times higher than that measured under identical conditions for a 50 wt % Pt/C catalyst on the same support. 76 It should be noted that most published mass activity values are obtained with fully humidified reactants and H 2 and O 2 partial pressures of 100 kPa ͑i.e., total pressure of 150 kPa abs ͒, which results in Ϸtwofold higher mass activities 2, 15, 28, 65 due to the higher reactant partial pressures. 75 Nevertheless, the relative cathode activity loss is not affected by this different choice of reference conditions.
The mass activity of the voltage-cycled 24h-C-MEA obtained from the inset of Fig. 1a is 0.016 A/mg Pt , corresponding to Ϸ80% loss over 10,000 voltage cycles. Unfortunately, a comparison with the literature is not straightforward because cycling conditions vary widely with respect to upper/lower voltage limits, cycle profile ͑square vs triangular͒, cycle frequency, and number of cycles, all of which have a large impact on degradation rates as shown for Pt/C catalysts 57, [61] [62] [63] [64] and discussed in the Introduction. Thus, voltagecycling-induced mass activity losses of Pt-Co/C catalysts range from 40 to 80%; 15, 28, 65 only in one case, losses of Ͻ20% were reported which, however, is clearly related to the low number of cycles in that instance ͑2400 14 vs ജ10,000 15, 28, 65 ͒. Specific activities of AT-"Pt 3 Co" before and after voltage cycling were obtained by normalizing the measured mass activities by the in-situ electrochemical surface area ͑ECA͒ ͑see Eq. 1͒ obtained from cyclic voltammetry ͑see Fig. 1b͒ . Thus, the specific activity of the AT-"Pt 3 Co" catalyst in the 1T-MEA decreased from Ϸ185 to Ϸ 140 A/cm Pt 2 , corresponding to a loss of Ϸ25%. While again not straightforward, this may be compared to cycling-induced specific activity losses of 10-30% over a comparable number of voltage cycles reported in the literature ͑see Ref. 15 14 is clearly due to the short number of voltage cycles and is consistent with observations of initially increasing specific activities presumably due to catalyst conditioning. 65 Thus, in summary, it may be concluded that ultimately specific activities of Pt-Co/alloys seem to decrease, while those of Pt/C catalysts increase, leading to the effect that both types of catalysts approach the same values after extensive voltage cycling. 28 Finally, the Pt surface of the AT-"Pt 3 Co" catalyst decreases from 50 to 12 m 2 /g, as deduced from the cyclic voltammograms shown in Fig. 1b . This loss of Ϸ75% is actually larger than the Ϸ60% loss we had observed for Pt/C in our previous study, 39 even though one would have expected a higher Pt surface area stability for a Pt-Co/C alloy than for Pt/C. 14, 56 Again, this is related to the more aggressive cycling conditions used in this study ͑100 vs 20 mV/s and higher positive potential͒ which are expected to lead to faster degradation. 57 To better understand the observed activity degradation of the AT-"Pt 3 Co" catalyst, more insights into changes in the cathode microstructure and variations of catalyst composition and size from voltage cycling are needed. 3 Co" powder and MEA cathodes.-Before a detailed STEM/TEM analysis of individual Pt x Co particles in cathode sections of P-MEA, 1T-MEA, and 24h-C-MEA, we discuss the area-averaged analysis results based on SEM, TEM imaging, TEM EDS, and XRD.
Area-averaged analysis of AT-"Pt

Morphological and compositional variations across thickness in the voltage-cycled MEA cathode: SEM, TEM imaging, and TEM
EDS results.-SEM images of MEA cross sections were taken in the electron backscattering mode, for which the intensity is proportional to the average atomic number. This allows us to image the spatial distribution of Pt x Co in the cathode and to delineate the cathode from both the membrane and the MPL ͑see white dotted lines in Fig. 2͒ . As expected, the metal distribution in the initially tested MEA ͑1T-MEA, see Fig. 2a͒ appears homogeneous, while the formation of a metal band ͑a bright band͒ inside the membrane is observed in the voltage-cycled MEA ͑24h-C-MEA, see Fig. 2b͒ . In the case of pure Pt/C cathodes, its location was shown to depend on the relative H 2 and O 2 partial pressures in the anode/cathode ͑i.e., working/counter electrode͒, and a simple gas permeation model accurately predicts the experimentally observed locations. 43, 44 For H 2 /N 2 voltage cycling, this model predicts the metal band to be located at the membrane/cathode interface, which is consistent with our observation ͑Fig. 2b͒. A closer inspection of the SEM image of the voltage-cycled MEA also reveals a clear intensity decrease from the diffusion media ͑DM͒/cathode interface ͑lower dotted line in Fig. 2b͒ toward the cathode/membrane interface ͑upper dotted line in Fig. 2b͒ , corresponding to a decrease in Pt x /Co mass density toward the cathode/membrane interface, consistent with our TEMbased analysis of the Pt distribution shown later in the manuscript ͑see Extreme cathode thinning due to carbon-support corrosion was first reported by Reiser et al. 77 for cathodes that underwent many Ohmic-resistance-corrected cell voltage, E iR-free , vs the logarithm of the current density; ohmic resistances measured via current-interrupt were 0.083 and 0.089 ⍀ cm 2 for the 1T-MEA and 24h-C-MEA, respectively. ͑b͒ Cyclic voltammograms of 1T-MEA ͑solid line͒ and 24h-C-MEA ͑dotted line͒ cathodes acquired at 80°C and 10 mV/s using fully humidified H 2 ͑50 sccm͒ and N 2 ͑20 sccm͒ at the anode and cathode, respectively. start/stop cycles in PEMFC. Later on, carbon-support corrosion was also observed under conditions of localized hydrogen starvation 74, 78, 79 and after extended operation at OCV, 43 which is related to increased carbon-support corrosion with increasing cathode potential. 67, 80 Because the upper potential in the voltage cycles used in our study is rather high ͑1.05 V vs RHE͒, carbon-support corrosion and concomitant cathode thinning could occur over 24 h. Therefore, we determined and compared the cathode thickness of the initially tested and the voltage-cycled MEA at 42 randomly chosen locations along each cathode. The cathode thickness of 4.91 Ϯ 0.26 m in the 1T-MEA decreased to 4.06 Ϯ 0.56 m in the 24h-C-MEA, corresponding to Ϸ17% thinning after 24 h of voltage cycling. Whether the observed current density loss of about a factor of 2 for the 24h-C-MEA at 0.5 V in Fig. 1a is entirely due to cathode thinning is not certain, because such a large performance loss was reported only for a significantly larger cathode thinning of Ϸ32%; 81 however, considering that the high ionomer/carbon weight ratio of the cathodes used in this study ͑I/C = 1.2/1͒ produces electrodes with lower initial cathode void volume ͑ void Ϸ 58% ͒, a lesser degree of thinning is likely to produce the same final void volume and thus the same performance loss.
To elucidate the detailed nanoparticle morphology as well as the Pt and Co distributions before and after electrochemical cycling, TEM imaging and EDS studies were conducted. Low magnification TEM imaging shows no Pt-Co/C particles near the cathode/ membrane interface of P-MEA ͑Fig. 3a͒. In contrast, large crystallites in the ionomer phase at the cathode/membrane interface are seen in the 24h-C-MEA cathode ͑Fig. 3b͒, corresponding to the metal band discussed above ͑see Fig. 2b͒ . Our EDS analysis ͑Fig. 3b inset͒ shows that these hundreds of nanometer large particles in the ionomer phase are pure Pt, consistent with what was reported previously for voltage-cycled PtCo cathodes. 14, 15 Considering that metal precipitation in the membrane is caused by the reduction of dissolved metal ions by H 2 permeating through the membrane from the anode side, 39 the formation of pure Pt particles from voltagecycled PtCo catalysts is easily explained by the inability of H 2 to reduce Co 2+ in the low pH sulfonic acid environment ͑pH 0 for Ϸ1000 EW membranes͒: the Co/Co 2+ standard potential of −0.28 V is only expected to increase by Ϸ0.1 V in a PtCo alloy due to its low enthalpy of mixing ͑Ϸ − 10 kJ/mol 71 ͒, and the resulting estimated redox potential of roughly −0.18 V is well below that of H 2 /H + ͑0 V at pH 0͒, so that the reduction of Co into PtCo alloy particles in the membrane is thermodynamically unfavorable.
To analyze the degradation of Pt-alloy catalysts, knowledge of compositional changes in and across the electrodes is essential. Therefore, we determined the average composition of the entire cathode of P-MEA, 1T-MEA, and 24h-C-MEA via EDS by adjusting the electron-beam diameter such that it reaches across the cathode thickness ͑large dashed circle in Fig. 3c͒ . For each MEA, three EDS measurements were acquired to calculate the average Co compositions listed in Table I together with that of the AT-"Pt 3 Co" powder. Despite the fact that the catalyst was preleached, the Co concentration in the cathode electrode of the P-MEA decreases to 17.5 Ϯ 0.2 atom % Co ͑Table I͒, suggesting that additional Co leaching occurred during MEA hot-pressing at 130°C, which is consistent with the strong temperature dependence of transition-metal loss reported for PtFe and PtNi alloys during acid leaching. 51 After initial MEA testing, the Co concentration in the cathode further decreased to 15.4 Ϯ 0.3 atom % in 1T-MEA, probably due to the increased Pt solubility at high potentials ͑i.e., at H 2 /O 2 open-circuit conditions͒ and the concomitant exposure and dissolution of underlying Co atoms as was proposed by Watanabe et al. for PtCo alloys under PAFC conditions. 48 Finally, after 10,000 voltage cycles, only Ϸ60% of the Co contained in the original AT-"Pt 3 Co" powder catalyst remains in the cathode ͑11.3 Ϯ 0.6 atom %͒, which may be compared to about 80% Co remaining after 1000 cycles on a Pt 3 Co catalyst in 1 M H 2 SO 4 at the same temperature. 70 The Co lost from the cathode is expected to ion-exchange into the ionomer phase and distribute evenly throughout the membrane and the electrodes. Based on a simple mass balance, this means that Ϸ3% of the protons will be replaced by Co 2+ and that the average Co concentration in the membrane should be Ϸ1000 ppm. While we indeed observed Co EDS signals in the Nafion membrane, the signal-to-noise ratio is too low to quantify the Co content. It should be noted that the simultaneous presence of Pt x Co nanoparticles in the electrode and of large Pt crystallites in the membrane near the cathode/membrane interface in the 24h-C-MEA is the cause of the asymmetric XRD peaks shown in Fig. 4 .
To further elucidate the Co loss mechanism, we examined the variation of the Co concentration across the cathode, probing five different areas by EDS with an electron-beam diameter of roughly 1 m ͑indicated by the small dotted circles in Fig. 3c͒ . The Co atomic percentage in areas 1-5 of each MEA is plotted in Fig. 3d , and the error bars represent the standard deviation of at least three measurements. As shown in Fig. 3d , the Co concentration across the cathode is essentially constant for both P-MEA and 1T-MEA, and the average concentration from these spatially resolved measurements agrees well with the average composition reported in Table I . This result is consistent with the fact that the conditions across the cathode are homogeneous for both hot-pressing and MEA conditioning/testing ͑the potential across the cathode during conditioning/testing is essentially constant due to low oxygen concentration gradients with pure O 2 and high proton conductivity at high RH͒. 83 It is less obvious why the cathode Co concentration in 24h-C-MEA decreases significantly from the cathode/membrane interface toward the DM/cathode interface ͑Fig. 3d͒. This, however, can be understood by our previous observation that the loss of Pt from the electrode into the ionomer phase shows the opposite trend, viz., more Pt is lost into the ionomer phase near the membrane/cathode interface where the concentration of hydrogen ͑permeating through the membrane͒ is high, while little Pt is lost near the cathode/DM interface where the hydrogen concentration is essentially zero due to the electro-oxidation of hydrogen at high potential ͑cycling between 0.65 and 1.05 V vs RHE͒. 39 At the same time, the extent of Co dissolution into the ionomer 48 is expected to be constant across the cathode thickness, and Pt dissolution induced by the electrode potential is spatially invariant for low currents during H 2 /N 2 voltage cycling ͑this is not the case for H 2 /air voltage cycling at low RHs, where high currents and high proton resistance cause significant cathode potential gradients 83 ͒. Therefore, the Pt/Co ratio near the membrane/cathode interface after voltage cycling is smaller than that near the cathode/DM interface; the apparent Co concentration then assumes an inverse trend, consistent with the observation shown in Fig. 3d . Figure 4 shows the XRD spectra of the AT-"Pt 3 Co" powder catalyst and the cathodes in the various MEA samples. Comparing the spectra of the powder catalyst, the P-MEA, and the 1T-MEA, little variation in the peak width is observed, suggesting that the average particle size upon MEA assembly and initial testing remains unchanged. This is shown quantitatively in Table I by the XRD-based particle diameters ͑d XRD = 3.3-3.6 nm͒ obtained from the Debye-Scherrer equation applied to the ͑220͒ peak which is free from interference from the carbon support. 84 In contrast, the 24h-C-MEA exhibits very sharp and asymmetric XRD peaks, which is in agreement with the heterogeneous particle population with respect to both size and, more importantly, Co composition ͑Fig. 3d͒. That this is indeed the case is shown later, and we only mention here that the obtained d XRD value of 18 nm should only be taken as a qualitative indicator of particle size growth, but cannot be compared quantitatively with the other samples.
Changes in the Pt-Co particle sizes in the voltage-cycled MEA: XRD and TEM results.-
The XRD spectra of the AT-"Pt 3 Co" powder and P-MEA and 1T-MEA before voltage cycling are consistent with a face-centered cubic ͑fcc͒ structure, and the lattice parameters, a fcc , derived from a numerical fit of all XRD peaks are presented in Table I . The slight increase of the a fcc values from the AT-"Pt 3 Co" powder to the asprepared and initially tested MEAs ͑from 3.82 to 3.85 Å͒ may indicate a slight loss of Co, but because the lattice parameters of Pt 3 Co reported in the literature vary in the same range, 13, 14, 49 it is probably unsound to use these small variations for a quantitative analysis of the Co content. The lattice parameter for 24h-C-MEA ͑see Table I͒ is essentially that of pure Pt. As shown later, this is an artifact of the very heterogeneous particle population with regard to size and composition, where very large, pure Pt particles in the membrane phase at the membrane/cathode interface dominate the XRD spectrum; consequently, one must not conclude that no Pt-alloy phases would be left in the electrode after voltage cycling. Figure 5 shows the PSD and a representative TEM image of the AT-"Pt 3 Co" catalyst powder as well as the PSDs and representative TEM images of P-MEA, 1T-MEA, and 24h-C-MEA. As no difference in the PSDs is observed from area 1 to 5 across the entire cathode cross section of P-MEA and 1T-MEA, PSDs in Fig. 5b and c were created from counting particles from area 1 near the DM/ cathode interface to area 5 near the cathode/membrane interface. In a previous study on voltage-cycled MEAs with a Pt/C cathode catalyst, the PSD broadened substantially from the DM/cathode to the 3 Co" catalyst powder ͑200 particles counted͒, ͑b͒ P-MEA ͑611 particles counted͒, ͑c͒ 1T-MEA ͑654 particles counted͒, and ͑d͒-͑h͒ 24h-C-MEA in area 1 ͑DM/cathode interface͒ through 5 ͑cathode/membrane interface͒. The histograms were obtained from high magnification 250,000ϫ TEM micrographs with a width of 50 nm and extending across the entire cathode thickness. These PSDs in ͑d͒-͑h͒ represent all particles observed in each equally sized area, i.e., they reflect the actual particle density; the size of a small fraction of particles could not be determined and these are not included in these PSDs ͑see text͒. The dashed curve in ͑d͒ is the fit of the PSD in area 1 to a Gaussian distribution.
cathode/membrane interface. 39 To probe whether the voltage-cycled MEA with AT-"Pt 3 Co" cathode catalyst exhibits a similar location dependence of particle size, we took a series of TEM images and examined the PSDs from area 1 ͑the DM/cathode interface͒ to area 5 ͑the cathode/membrane interface͒ of 24h-C-MEA ͑Fig. 5d-h͒. This analysis was done by taking a series of HRTEM images across the cathode, assembling them into a single image of Ϸ50 nm width across the thickness of the cathode, and dividing them into five groups representing five different regions ͑see Fig. 3c͒ . The number of particles and the particle density decrease from the DM/cathode interface ͑area 1͒ to the cathode/membrane interface ͑area 5͒, with particle counts of 292, 224, 175, 81, and 32, respectively. These numbers and the associated PSDs do not include the particles in few particle agglomerates of areas 1 and 2, as their diameters could not be determined with sufficient precision. Nevertheless, individual particle sizes in these agglomerates appeared to be consistent with the PSDs shown in Fig. 5d and e, and the number of these particles could be estimated reasonably well, resulting in an Ϸ25% higher particle density in area 1 ͑Ϸ365 particles͒ and an Ϸ10% higher particle density in area 2 ͑Ϸ246 particles͒.
Consistent with the XRD analysis, the catalyst powder and the nonaged MEAs ͑P-MEA and 1T-MEA͒ appear to have the same PSD ͑Fig. 5a-c͒ and their number-averaged and volume-surfacearea-averaged diameters are essentially identical ͑see d n and d v/a in Table I , defined by Eq. 2 and 3͒. For these samples, the surface area calculated from the TEM-based d v/a values using a spherical particle approximation, 39 S TEM , is in excellent agreement with the electrochemically measured surface area, ECA ͑see Table I͒. The PSD of the voltage-cycled MEA ͑24h-C-MEA͒ is significantly broadened, with a large fraction of particles with diameter Ͼ10 nm ͑Fig. 5d-h͒. Considering the uncertainty in the distribution statistics when the frequency of particles is near or below 0.1%, particles with diameters larger than 25 nm ͑6 out of 804͒ were excluded in the determination of the d n and d v/a values of the overall particle population in the 24h-C-MEA ͑Table I͒ and of the area-resolved PSDs ͑Fig. 5d-h͒. The active surface area of the 24h-C-MEA cathode thus obtained by TEM, S TEM Ϸ 27 m 2 /g Pt , is Ϸ2.2 times larger than the in situ measured ECA ͑see Table I͒, which is comparable to that ͑ Ϸ 1.8͒ found for voltage-cycled Pt/C catalysts. 39 This difference largely results from Pt loss into the membrane phase, forming large electrically isolated Pt crystallites, thereby lowering the actual surface area compared to the calculated S TEM area, which does not consider Pt loss into the membrane. A closer comparison of the TEM image of the 1T-MEA ͑Fig. 5c͒ with those of the 24h-C-MEA ͑Fig. 5d-h͒ shows that the PSDs in the voltage-cycled MEA cannot be produced by merely selectively dissolving small Pt x Co particles from that of the 1T-MEA, which indicates that there is a clear evidence of Ostwald ripening ͑i.e., formation of larger Pt x Co nanoparticles in the electrode͒ during voltage cycling, particularly in regions distant from the membrane/cathode interface ͑Figs. 5d and e͒. We have verified this by comparing a large number of images ͑not shown͒ and thus confirm the previously proposed dual Pt area loss mechanism 39 of Ostwald ripening of nanoparticles on the carbon support and growth of large Pt crystallites in the membrane.
Morphological and compositional changes in individual catalyst particles across the cathode: STEM imaging and STEM EDS results.-
In this section, we discuss changes in the morphology and composition of individual catalyst particles across the cathode thickness during voltage cycling. The evolution of particle morphology and composition is summarized in Fig. 6 to guide the detailed discussion of results from high resolution STEM/TEM and spot-resolved EDS. Changes for particles remaining on the carbon support ͑the "carbon phase"͒ and for particles forming in the membrane ͑the "ionomer phase"͒ are shown on the top and on the center part of Fig. 6 , respectively. The preleaching of the Pt 0.5 Co 0.5 catalyst dissolves Co from the outermost layers of the alloy particles, 15, 47, 49 leading to what is referred to as either Pt-skin 48 or Pt-skeleton 47 morphologies, indicated by the structure labeled skeleton Pt x Co ͑center-top part of Fig. 6͒ . During voltage cycling, Pt and Co dissolution occurs and small particles gradually dissolve, while Pt redeposits via Ostwald ripening on larger Pt x Co skeleton particles, gradually forming previously proposed 48 Pt-shell/alloy-core particles as shown by the sketch and the dark-field image with spotresolved EDS on the top-right part of Fig. 6 ͑referred to as core/ shell͒. A fraction of the dissolved Pt ions diffuses into the membrane phase, where they react with hydrogen, forming large single crystals, while Co ions remain homogeneously distributed in the ionomer phase in both membrane and electrode ͑see center-right part of Fig. 6͒ . As shown previously, we also observed percolated Pt x Co alloy particles in the preleached AT-"Pt 3 Co" catalyst, 23 sketched in the center-bottom part of Fig. 6 , which we believe transform into Pt-rich spongy particles ͑right-bottom part of Fig. 6͒ The center panel represents both the liquid acid phase during preleaching and the "ionomer phase" in both the membrane and the electrodes, with large singlecrystalline Pt ͑agglomerates͒ forming in the membrane and Co 2+ ion-exchanging into the ionomer phase. The lower panel is a proposed mechanism for the formation of percolated Pt x Co alloy particles deriving from precursors with higher than average Co content ͑"Pt Ͻ0.5 Co Ͼ0.5 "͒ and resulting in Pt-rich spongy particles. TEM bright-field images and spot-resolved EDS compositions ͑analysis area of 2.5 nm in diameter͒ of the various types of aged nanoparticles in 24h-C-MEA are shown on the right-hand side.
of Fig. 6͒ . The following detailed analysis of the morphology and composition of individual particles provides supporting evidence for this simple overview presented in Fig. 6 .
Compositions and morphologies of individual Pt-Co nanoparticles in the P-MEA cathode.-STEM HAADF images reveal two types of morphologies for Pt x Co nanoparticles in the P-MEA before electrochemical testing and aging: ͑i͒ particles which display significant intensity variations in HAADF images ͑particle 1 in Fig. 7a͒ and ͑ii͒ particles characterized by relatively homogeneous HAADF intensity ͑particle 2 in Fig. 7a͒ , which comprise Ϸ90% of all particles observed in the AT-"Pt 3 Co" powder and P-MEA cathode. The average Co content ͑in atom %͒ for these two types of particle morphologies was obtained from EDS by collecting X-ray intensities from the entire particle using the STEM mode controlled by the INCA software. As shown in Fig. 7b , the Co composition of particle 1 is only about Ϸ8 atom %, whereas a much higher value of Ϸ30 atom % is observed for particle 2. As shown later, the composition of these two particles ͑Fig. 7͒ is indeed representative of the overall particle population displaying these morphologies. The intensity in HAADF images is proportional to the thickness times Z 2 ͑Z being the average atomic number of the respective elements͒, and our previous studies suggested that the large HAADF intensity variation in some of the AT-"Pt 3 Co" catalyst particles is indeed related to the presence of percolating voids. 23 Considering that the overall Co content for particle 1 in Fig. 7a is only Ϸ8 atom %, it is clear that the HAADF intensity variation indeed reflects a thickness variation, marking a strong contrast between these percolated Pt x Co particles and the majority of skeleton Pt x Co particles ͑see also Fig. 6͒ .
Similarly percolated structures have been observed experimentally for dealloyed Au-Ag, Pt-Cu, 85 and Pd-Co 86 films prepared either by applying a corrosion potential or by exposure to a strong acid. Mechanistically, the dealloying process has been described by the dissolution of a less noble constituent of a nonordered alloy in parallel to the surface diffusion of a more noble alloying component assumed to be nondissolving. 87, 88 In the case of Au-Ag alloys, structures with fully percolating void volume and largely decreased silver content are only obtained above 55-60 atom % Ag; 88, 89 similarly, combinatorial studies on sputtered Pt x M ͑M = Co, Fe, and Ni͒ films leached in dilute acids for several days at room temperature showed that the majority of the transition metals are removed once their initial concentration exceeds 60 atom %. [51] [52] [53] The characteristic pore/filament length scales of the resulting bicontinuous nanostructured dealloyed Au-Ag alloys as visualized by SEM [89] [90] [91] and TEM 92 could be reproduced by kinetic Monte Carlo simulations which consider Ag dissolution and Au surface diffusion. 87 Consistent with this model, increasing the gold surface diffusivity either by increasing temperature 92 or by the addition of halides into the acid solution 91 increases the characteristic pore/filament length scales from Ϸ2 to Ϸ 70 nm. Owing to the lower surface diffusivity of Pt ͑ Ϸ 10 −18 cm 2 /s͒ compared to Au ͑ Ϸ 10 −14 cm 2 /s͒ as discussed by Erlebacher, 87 it is not surprising that the pore/filament size in dealloyed Pt 0.25 Cu 0.75 films as observed by SEM and small angle neutron scattering is only on the order of 3 nm. 85 The morphology of the percolated Pt x Co particle and its depleted Co content shown in Fig. 7 ͑particle 1͒ is consistent with the abovedescribed dealloying phenomenon. The fact that percolation is only expected to occur for precursor catalyst particles with Co concentrations of Ͼ55 to 60 atom % during the catalyst preleaching step agrees with the observation that only Ϸ10% of the AT-"Pt 3 Co" nanoparticles in the P-MEA derived from a nominal Pt 0.5 Co 0.5 precursor resembles percolated structures. Furthermore, the observed percolation features ͑holes͒ of particle 1 in the P-MEA ͑Fig. 7a͒ and particles in the AT-"Pt 3 Co" catalyst powder 23 are Ϸ2 nm in diameter, which agrees with the minimum characteristic length ͑diam-eter͒ of Ϸ2 nm predicted for dealloyed Pt 0.45 Co 0.55 particles on the basis of percolation theory, 93 viz., Ϸ7 times the nearest-neighbor distance ͑2.7 nm using the fcc lattice constant given in Table I͒ . Therefore, it is hypothesized that the particle precursor before the acid treatment for percolated particles ͑such as particle 1͒ may contain above 55 atom % Co, while skeleton particles ͑such as particle 2͒, which comprise Ϸ90% of over 100 particles examined, may more closely reflect the average composition of 50 atom % Co. For the skeleton particles, Co dissolution during acid leaching is confined to the outer surface, producing Pt-enriched skeleton structures, which were shown by our previous work. 23, 50 Compositions and morphologies of individual Pt-Co particles in the 24h-C-MEA cathode.-Here we discuss the changes in the nanoparticle morphology and composition produced by voltage cycling summarized in Fig. 6 , proceeding from the top to the bottom. After 24 h electrochemical cycling, more than Ϸ90% ͑from HAADF images͒ of the nanoparticles in the cathode has relatively uniform intensities in HAADF images, as shown by images from three representative particles across the cathode ͑Fig. 8a-c͒. As discussed above, Pt ions dissolved during voltage cycling lead to particle ripening in the cathode electrode while the potential is too high for the redeposition of dissolved Co ions which will accumulate in the ionomer/membrane phase. Consequently, one would expect the formation of particles with a Pt shell and a Pt x Co core ͑core/shell structure shown in Fig. 6͒ .
To provide direct evidence for the existence of such core/shell structures, the elemental distributions of 24h-C-MEA cathode particles with relatively uniform intensities in the HAADF images were studied at several locations within individual particles using EDS spot capture in the STEM mode with a spatial resolution of 2.5 nm in diameter ͑see Experimental section͒. Three particles with similar diameters ͑Ϸ 10 nm͒ were selected from areas near the DM/cathode interface ͑Fig. 8a and d͒, in the center of the cathode ͑Fig. 8b and e͒, and near the cathode/membrane interface ͑Fig. 8c and f͒. EDS spectra were acquired along two perpendicular directions for each particle, marked by crosses and circles, from which Co distributions were obtained ͑Fig. 8d-f͒. Compared with similarly sized particles in the P-MEA ͑particle 2 in Fig. 7 ; see also Fig. 11͒ , much lower Co concentrations are observed even in the center of these dense particles ͑Fig. 8͒, indicating additional Co loss during voltage cycling independent of location within the cathode. For all three particles, the Co concentrations near the particle edge are lower than that of the center, approaching near 0 atom % in several places. As the average increase in particle diameter from P-MEA to 24-C-MEA is Ϸ3 nm ͑see Table I͒, a Pt shell of Ϸ1.5 nm is expected. However, considering the EDS spatial resolution of Ϸ2.5 nm in diameter, such a Pt shell is too thin to be resolved precisely using conventional STEM EDS unlike aberration-corrected STEM HAADF analysis reported recently. 23, 50 Nevertheless, the data shown in Fig. 8d -f provide unambiguous evidence for the expected formation of a Pt-shell/ Pt x Co-core suggested in Fig. 6 .
Assuming that Pt shells formed during voltage cycling were 1 nm ͑corresponding to more than four monolayers͒ or greater ͑with an average of Ϸ1.5 nm͒, and considering that elements about four monolayers beneath the surface have a negligible impact on the electronic structure of the surface layer, 31 the postulated catalytic enhancement from Co due to compressive strain 9, 12, 13, 19 and ligand effects 22, 32, 47, 94, 95 should be significantly reduced. Thus one would expect that the specific ORR activity of the voltage-cycled MEA should be reduced to that of pure Pt, corresponding to an Ϸtwofold lower specific activity of the 24h-C-MEA compared to the 1T-MEA. However, the apparent specific activity loss is only Ϸ25% from 185 A/cm Pt 2 ͑1T-MEA͒ to 140 A/cm Pt 2 ͑24h-C-MEA͒. This is likely related to the increase in particle size produced by voltage cycling ͑see Table I͒ , which in turn may lead to a higher specific activity as shown for voltage-cycled Pt catalysts. 15, 28, 49, 64, 65 In addition to the further growth of core/shell particles in the cathode during voltage cycling, large Pt crystallites ͑Ͼ 100 nm͒ form in the membrane near the membrane/cathode interface, as shown in Fig. 3b and 9 . Figure 9a and b show two representative HAADF images of such large particles. STEM EDS collected in the spot capture mode from a few locations on each particle indicates that these particles are essentially pure Pt ͑Ͼ99 atom % Pt͒, consistent with earlier reports on voltage-cycled PtCo MEAs. 14, 15 These observations agree with the thermodynamic prediction that Co 2+ ions in the ionomer phase cannot be reduced by hydrogen. It is proposed that they were formed by the reduction of dissolved Pt ions by H 2 permeating through the membrane from the anode side similar to the voltage cycling of the MEA cathode with Pt/C catalyst particles. 39 Because they are electrically disconnected from the cathode, they are inactive for the ORR and do not contribute to the measured electrochemically active surface area. Although the Pt particles all look dendritic, they appear not to be faceted, as shown in HAADF images ͑Fig. 9a and b͒ and a representative bright-field image ͑Fig. 9c͒ shows that they are mostly single crystal. The inset electron diffraction pattern in Fig. 9c taken from the entire particle demonstrates that it is a single crystal, whereby the zone axis can be indexed as the ͓110͔ of an fcc structure. Previous TEM studies on Pt particles in cycled Pt/C MEAs also observed single-crystalline Pt particles in the membrane. 39, 41, 96 It was suggested that the dendritic nature of Pt particles in the membrane may be due to a nonuniform supply of Pt ions and hydrogen within the phase-separated structure of the membrane or to the faster deposition kinetics of Pt ions in the presence of hydrogen ͑i.e., at high overpotential͒ onto the growing surfaces compared to slow Pt diffusion which would lead to faceted surfaces. 41, 96 While Pt-shell/Pt x Co-core particles in the cathode and pure Pt crystallites in the membrane represent the majority of the observed morphologies in the 24h-C-MEA, Ϸ10% of the particles observed in the cathode display very unusual morphologies as shown by the HAADF images in Fig. 10 . The fact that their relative abundance matches that of the percolated Pt x Co particles observed in the P-MEA suggests that they were produced from the latter during voltage cycling. Because their average Co percentages are Ͻ6 atom %, the image contrast in Fig. 10 is most likely due to thickness variation ͑i.e., darker regions refer to lower thickness͒, revealing "holes" with diameters ranging from 5 to 8 nm ͑referred to as spongy in this study͒ compared to the Ϸ2 nm feature sizes observed for percolated particles in the P-MEA ͑Fig. 7͒ or in the AT-"Pt 3 Co" powder. 23 The evolution of percolated AT-"Pt 3 Co" particles into these spongy Pt-enriched particles with larger characteristic void dimensions follows the trends observed and predicted for dealloyed Au-Ag alloys. In the latter case, the dissolution of Ag and the capillarity-driven surface diffusion of Au leads to the formation of bicontinuous nanostructures, the feature size of which grows over time as evidenced by TEM measurements 92 and kinetic Monte Carlo simulations. 87 It was shown recently that the produced morphologies correspond to a "close to net zero-curvature surface," 97 thus achieving a low surface energy. Furthermore, the Ag content decreases with time due to the continuous exposure and subsequent dissolution of Ag atoms by the surface diffusion of Au. Thus, it was shown that Au 35 Ag 65 films dealloyed in 70 wt % HNO 3 at −20°C for 10 min display nanopore diameters of 2-3 nm and Ag concentrations of 17 atom %, while dealloying over 60 min leads to nanopore diameters of Ϸ5 nm with only 6 atom % Ag remaining. The close correspondence in feature size and less noble metal concentration variations over time for Au 0.35 Ag 0.65 and voltage-cycled Pt Ͻ0.5 Co Ͼ0.5 alloys is quite striking and supports that the observed spongy Pt-rich particles in the 24h-C-MEA were derived from dealloying Pt Ͻ0.5 Co Ͼ0.5 catalyst particles.
Changes in the particle-size-dependent and morphologydependent compositions of Pt-Co particles in the 24h-C-MEA.-A summary of the average Co concentration of individual particles vs particle size in the AT-"Pt 3 Co" catalyst powder and in the 24h-C-MEA cathode is shown in Fig. 11 , which was sorted by particle morphologies in the AT-"Pt 3 Co" catalyst powder ͑skeleton and percolated Pt x Co͒ and in the 24h-C-MEA ͑core shell and spongy͒. In this plot, Co concentrations were obtained from analyzing the EDS spectra in the STEM mode collected from the center of individual particles; because TEM images are two-dimensional projections of three-dimensional objects, EDS signals from the center of the particles actually reflect the average particle composition.
As shown in Fig. 11 and reported previously, 23 the Co atomic concentration of skeleton particles in the AT-"Pt 3 Co" powder clearly increases with particle size and approaches that of the Pt 0.5 Co 0.5 precursor for very large particles of Ϸ50 nm in diameter. This result is consistent with the formation of Pt-enriched particle surfaces produced by preferential leaching of transition metals in the outermost several monolayers into the acid solution, as demonstrated by spot EDS analysis on disordered Pt 0.66 Co 0.33 particles 48 and by HAADF image analysis of the AT-"Pt 3 Co" powder. 23 It also agrees with the observed decrease in Co leaching with increasing particle size for Pt 3 Co catalysts. 15, 49 The large variation of Co composition for a given particle size, in the center of skeleton particles in the AT-"Pt 3 Co" powder sample, suggests significant compositional variation in the catalyst precursor ͑Pt/Co atomic ratio close to 1/1͒ used in acid leaching. As proposed earlier, particles with Co com- positions in excess of 50 atom % in the catalyst precursor lead to the formation of percolated particles in the AT-"Pt 3 Co" powder after acid leaching, of which the low Co concentration of Ϸ13 atom % ͑Fig. 11͒ is independent of particle size, consistent with a dealloying process.
Voltage cycling of skeleton and percolated particles in AT-"Pt 3 Co"-based cathodes leads to a further decrease of the Co composition, which can result from the transient exposure of buried Co atoms to acid during Pt dissolution/redeposition caused by voltage cycling. As one might expect, the particle size dependence for the compositions of core/shell particles in 24h-C-MEA follows a similar trend as that of skeleton particles in AT-"Pt 3 Co" ͑Fig. 11͒, which is comparable to what was observed by Watanabe et al. 48 for ordered Pt 0.66 Co 0.33 particles aged for 50 h at 0.8 V ͑vs RHE͒ and 210°C in 105% H 3 PO 4 . The Co composition of spongy particles in 24h-C-MEA is only Ϸ4% and independent of particle size, consistent with the hypothesis that they were derived from dealloying of percolated particles observed in AT-"Pt 3 Co" powder.
Mechanism of Pt surface area loss across the voltage-cycled
cathode.-While it is clear that two simultaneous processes lead to Pt area loss, viz., Ostwald ripening on the carbon support and Pt weight loss into the membrane phase forming large Pt crystallites, we now seek to quantify the Pt mass loss into the membrane and determine the variation of the electrochemically active surface area across the cathode. For this analysis it is important to note that we did not observe any "off-carbon" Pt particles in the voltage-cycled cathode ͑i.e., in the ionomer phase͒, in contrast to our previous study with a Pt/C cathode. 39 This may be due to the slightly thicker microtomed slices in the present study so that some carbon particles are overlapping in the TEM images, thereby preventing us from distinguishing whether a nanoparticle is located on the carbon support or not. It may also be due to differences in the voltage-cycling conditions between our previous and the current experiments ͑20 vs 100 mV/s and 0.6/1.0 V vs 0.65/1.05 V, respectively͒. We believe that the latter possibility is more likely, because we did not observe any large particles with either the dendritic or faceted morphology ͑characteristic to Pt crystallites precipitated from H 2 reduction of soluble Pt ions 39, 96 ͒ in the ionomer phase inside the cathode. The following Pt mass and area loss analysis thereafter is based on the following assumptions: ͑i͒ all Pt x Co nanoparticles counted within the electrode are attached to the carbon-support; ͑ii͒ no Pt mass loss into the membrane phase occurs near the DM/cathode interface ͑area 1͒, which is a reasonable assumption considering the long diffusion path to the membrane interface which should favor local Ostwald ripening ͑same assumption as in previous analysis 39 ͒; ͑iii͒ while the overlap of some Pt x Co nanoparticles in the TEM images of areas 1 and 2 still allows us to get a good estimate of the total number of particles in each area, the following analysis assumes that the PSD of overlapping particles is identical with that of nonoverlapping particles; and ͑iv͒ the very few particles above 25 nm ͑6 of 804͒ are not considered because they are statistically not representative.
Under these assumptions, no Pt is lost from area 1 and the relative Pt mass remaining in areas 2-5, %m Pt͑area-i͒ , can be calculated from
where d j͑area-i͒ represents the diameters of all particles counted in area i as shown in the histograms in Fig. 5d -h and f OL͑area-i͒ is the overlap factor, i.e., the fraction of particles which are not included in the histograms due to particle overlap ͑f OL͑area-i͒ = 0.25, f OL͑area-2͒ = 0.1, and zero for areas 3-5͒. For a more precise evaluation of Eq. 4, actually measured diameters were used rather than the binned diameters shown in the histograms. The Pt mass loss into the membrane phase from the different areas across the cathode normalized to the mass in area 1 is shown in Fig. 12a , suggesting that Ϸ80% of the original Pt mass in area 5 near the cathode/membrane interface has moved into the membrane phase, where it is electrically disconnected and electrochemically inactive. A similar gradient in Pt mass across a voltage-cycled MEA and a similar average Pt mass loss from the cathode into the ionomer phase ͑Ϸ1/3 from Fig. 12a͒ was found previously for a Pt/C-based cathode. 39 The inset in Fig. 12a is a representative section of the SEM backscattering image of the voltage-cycled MEA ͑see Fig. 2b͒ , highlighting the fact that the electron backscattering intensity within each area ͑delineated by the white dotted lines͒ indeed reflects the predicted Pt mass distribution, with nearly equal brightness in areas 1 and 2 and very low brightness in area 5. Although we cannot obtain quantitative information from this SEM image, it does give credence to the Pt mass distribution in the cathode as predicted by Eq. 4 and shown in Fig. 12a .
As far as the electrochemical activity of the voltage-cycled cathode is concerned, it is important to determine the distribution of the remaining electrochemically active surface area across the cathode. It is shown in Table I where d v/a͑area-i͒ represents the volume/area-averaged diameter in the different areas across the cathode, as shown in Fig. 5d -h. The remaining fraction of the electrochemical Pt surface area across the voltage-cycled cathode calculated from Eq. 5 is shown in Fig. 12b , suggesting a roughly sixfold decrease in the electrochemically active surface area from the DM/cathode to the cathode/membrane interface. Averaged over the entire cathode, about 35% of the original Pt surface area is predicted to remain in the voltage-cycled MEA, which is somewhat larger than the 25% based on overall surface area from electrochemical measurements ͑see Table I͒ . This discrepancy may be explained by assuming that some Pt particles in the electrode were indeed in the ionomer phase rather than on the carbon support as was assumed in this analysis. The inhomogeneous distribution of electrochemically active surface area shown in Fig. 12b implies that the actual voltage losses in voltage-cycled MEAs may be larger than what would be predicted on kinetic grounds from the loss of electrochemical surface area. This is related to the fact that the average proton conduction path length increases substantially when the Pt surface area is concentrated near the DM/cathode interface, so that one would expect significant additional voltage losses due to additional proton conduction resistances in voltage-cycled MEAs under high current density and low RH conditions. 82, 83 
Conclusions
In this study, STEM EDS analysis and HAADF imaging have revealed microstructural changes of MEA cathode and compositional changes of individual Pt x Co catalyst particles across the cathode thickness during voltage cycling. The effects of these changes on the specific activity and Pt surface area loss of voltage-cycled MEA cathode are discussed. We have also observed cathode thinning due to carbon-support corrosion after 10,000 voltage cycles between 0.65 and 1.05 V vs RHE, which can result in significant mass-transport losses of the voltage-cycled MEA at high current densities. The loss of electrochemical surface area induced by voltage cycling was Ϸ75%, whereby the major surface area loss occurred at the cathode/membrane interface and SEM ͑backscattering mode͒ suggests an inhomogeneous distribution of Pt across the cathode.
Cross-sectional TEM analyses demonstrate the dual electrochemical surface area loss, viz., Pt mass loss into the membrane phase and Ostwald ripening on the carbon phase in the electrode. The effect pf Ostwald ripening is particularly pronounced near the DM/cathode interface, while it is less apparent near the cathode/ membrane interface where dissolved platinum is mostly deposited into the membrane phase. These results have also allowed quantification of the Pt weight loss via the formation of large Pt crystallites into the ionomer phase, amounting to Ϸ1/3 of Pt contained originally in the cathode, which is similar to previous findings for voltage-cycled MEAs with Pt/C-based cathodes. The distribution of the remaining electrochemically active surface area in the voltagecycled MEA was shown to be very inhomogeneous, having a strong decrease from the DM/cathode to the cathode/membrane interface.
Cross-sectional TEM studies show that the particle density decreases from the DM/cathode interface to the cathode/membrane interface in the voltage-cycled MEA cathode. In addition, a fraction of the dissolved Pt ions diffuses into the membrane phase, where they react with hydrogen, forming large single crystals in the ionomer near the cathode/membrane interface, while Co ions remain homogeneously distributed in the ionomer phase in both membrane and electrode. Pt weight loss associated with the formation of Pt crystallites in the ionomer contributes to Pt surface area loss and mass activity loss of Pt x Co catalyst particles.
STEM EDS results in this study provide direct evidence of the formation of Pt-shell/alloy-core for Pt x Co nanoparticles after voltage cycling, which can be explained by further Pt and Co dissolution from acid-leached skeleton particles into the ionomer and Pt redeposition via Ostwald ripening on larger Pt-skeleton particles. It is proposed that the dissolution of Co from particle surface and the growth of Pt-enriched shell suppress the activity enhancement from the strain and electronic effect of Co, and thus the specific activity of Pt x Co catalysts in the voltage-cycled MEA is decreased. In addition, STEM imaging and EDS analysis suggest that percolated Pt x Co particles previously observed 23, 50 in the acid-treated Pt x Co catalyst transform into spongy Pt-rich particles, which may originate from more Co-rich particles in the catalyst precursor before acid treatments. These percolated Pt x Co and spongy Pt-rich nanoparticles represent a very small fraction ͑roughly 10% from STEM HAADF measurements͒ in the acid-treated powder catalyst and voltagecycled MEA cathode, which should have no significant influence on the specific activity.
STEM EDS analysis shows that the Co atomic fraction in the skeleton particles in the acid-treated sample increases with increasing particle sizes with that in the center of particles of ϳ50 nm approaching Ϸ50%. During voltage cycling, the Co atomic fractions of skeleton Pt x Co nanoparticles of all sizes are decreased to form the core/shell nanostructure as a result of the dissolution of Co, but a similar trend in the particle-size-dependent composition remains. In contrast, the percolated particles as the minor population in the acidtreated catalyst powder have compositions independent of particle sizes, while after voltage cycling, spongy Pt-rich particles have reduced Co atomic fractions relative to percolated ones but the sizeindependent composition trend is unchanged.
